Neat monogalactosyldilinolenoylglycerol (di-1 8 : 3 MGDG) and digalactosyldilinolenoylglycerol (di-18 : 3 DGDG) were autoxidized at 37°C. The rate ofautoxidation ofdi-18 : 3 MGDG was greater than that of di-18 : 3 DGDG. The oxidation products were separated from unoxidized di-18 : 3 MGDG and di-18 : 3 DGDG by reverse-phase high performance liquid chromatography (HPLC). The products separated by HPLC were shown to be made up of lipid peroxides formed by free radical oxidation of the linolenate component of the MGDG and DGDG. Each linolenoyl moiety in the MGDG and DGDG produced isomeric peroxides in a manner similar to methyl linolenate.
Peroxidation
of membrane lipids has been suggested to cause physiological damage in living organisms. In plant, one of the first changes observed when exposed to air pollutants is damage to chloroplast membranes, resulting in a loss of membrane integrity, which is vital to all processes of the plant.X) Isolated acid.5'6)Therefore, the galactolipids were subjected to lipid peroxidation. In our previous study,7) spinach MGDG and DGDG were oxidized with singlet molecular oxygen (1O2), and mono-and dihydroperoxides formed by 1O2 oxidation of the trienoic acid component of MGDG and DGDG were identified. This paper reports the autoxidation of monogalactosyldilinolenoylglycerol (di-18 : 3 MGDG) and digalactosyldilinolenoylglycerol (di-18:3 DGDG), which are the major molecular species of spinach galactolipids.8) The oxidation products were separated by reversephase high performance liquid chromatography (HPLC) and characterized by gas chromatography-mass spectrometry (GC-MS) after hydrogenation, transmethylation and trimethylsilylation.
MATERIALS AND METHODS
Materials. MGDG and DGDG were prepared from spinach leaves, and the di-18 : 3 species were separated by HPLC as described previously.8* Lipase from Rhizopus delemer (600U/mg) was obtained from Seikagaku Kogyo Co. Other reagents used were of analytical grade.
Autoxidation procedure. Di-18 : 3 MGDG and di-18 : 3 DGDG were autoxidized in a thin lipid film. Fifty^1 of 10~2 m lipid in chloroform solution was put into a test tube (1.5 cm in diameter), and then the solvent was removed by evaporation in vacuo to form a thin lipid film. The sample was placed in an incubator maintained at 37°C in the dark. At regular intervals, each sample was dissolved in 5 ml of ethanol, and the amount of conjugated diene was determined from the absorbance at 235nm. For structural analysis, 4ml of 10~2 m lipid solution was put into a round bottom flask (100ml), and then the solvent was removed by evaporation in vacuo to form a thin lipid film on the inside of the flask. The flask was then maintained at 37°C in the dark. The resulting fatty acid and oxidized fatty acids were analyzed by thin layer chromatography (TLC) with hexane-ethyl ether-acetic acid (60 : 40 : 1, v/v). Spots were detected by spraying with 50% H2SO4 followed by charring and the peroxides were detected by spraying with 5% potassium iodide in methylcellosolve.
RESULTS
The rate ofautoxidation ofdi-18 : 3 MGDG and di-18:3 DGDG thin films at 37°C is shown in Fig. 1 Di-18:3 MGDG was autoxidized for 5hr and the oxidation products were analyzed by HPLC. Figure 2 shows the elution pattern of autoxidized di-18 : 3 MGDG on HPLC. Four new peaks, Ml, M2, M3 and M4, were observed in addition to the starting MGDG. The four new peaks were fractionated and their structures were analyzed. Ml, M3 and M4, in ethanol, showed an absorption maximum in ultraviolet light at 235 nm, indicating the presence of a conjugated diene, while M2 showed absorption maxima at 278, 268 and 259nm, indicating the presence of a conjugated triene. Therefore, the autoxidation products of di-18:3 MGDG were assumed to be hydroperoxides and endoperoxides.
The products were hydrogenated and transmethylated for GC-MS analysis. Figure  3 shows the gas chromatograms ofMl, M2, M3 and M4 after hydrogenation, transmethylation and trimethylsilylation.
Ml gave two major peaks, la and lb, on the chromatogram (Fig.  3-M1 ). From the mass spectra, peaks la and lb were identified as methyl hydroxy octadecanoate TMS derivatives11'12*; m/z 371 [M-15]+ and characteristic fragmentation patterns indicated that peak la was a mixture of C-9 (m/z 229 and 259), C-12 (m/z 187 and 301) and C-13 (m/z 173 and 315) positional isomers, and peak lb was the C-16 (m/z 131 and 357) positional isomer of the TMS group, respectively. Therefore, both the linolenoyl moieties of the C-l and C-2 positions of MGDG were o xidized to form monohydroperoxide isomers.
M2 gave a number of minor components and three major peaks, 2a, 2b and 2c, on the chromatogram (Fig.  3-M2 M4 gave three peaks, 4a, 4b and 4c, on the chromatogram (Fig.  3-M4 ). Peak 4a was methyl octadecanoate.
Peaks 4b and 4c were methylhydroxy octadecanoate TMS derivatives as judged from their mass spectra. The isomer distribution of the products was the sameas that ofMl.
The peak area corresponding to methyl octadecanoate as shown in Fig.  3 comprised about 50% of the total area in every chromatogram of M2, M3 and M4. These observations indicate that the linolenoyl moiety of either the C-l or C-2 position ofMGDG is oxidized and the other moiety is unoxidized.
The fractions of autoxidized di-18:3 MGDG as shown in Fig. 2 were hydrolyzed by Rhizopus delemer lipase which hydrolyzed the C-l position fatty acid of galactolipids.20) The resulting products were analyzed by TLC. Figure 4 shows the hydrolysis products of Ml, M2, M3 and M4 on the TLC plate. Spots corresponding to fatty acid and oxidized fatty acids appeared on the plate. Spots corresponding to oxidized fatty acids turned yellow on spraying with 5% potassium iodide solution, indicating the presence of peroxide.9) Thus, it seems likely that oxidized fatty acid components of MGDG are located at both the C-l and C-2 positions of MGDG.
From the above data, the compound in each peak indicated in Fig. 2 was characterized to be as follows: Ml, 1 ,2-dihydroperoxyoctadecatrienoyl MGDG; M2, the linolenoyl moiety of either the C-l or C-2 position of MGDG was oxidized to form 9,16-dihydroperoxide and hydroperoxy bicyclic endoperoxides and the other moiety was unoxidized; M3, the linolenoyl moiety of either the C-l or C-2 position of MGDG was oxidized to form hydroperoxy endoperoxides and the other moiety was unoxidized; M4, l-linolenoyl-2-hydroperoxyoctadecatrienoyl MGDG and 1-hydroperoxyoctadecatrienoyl-2-linolenoyl MGDG. The autoxidized products, Ml, M2, M3 and M4, were hydrolyzed by lipase.
The resulting products of Ml (1), M2 (2), M3 (3) and M4 (4), linolenic acid (5) and linolenic acid monohydroperoxide (6) were charged on the TLC plate and developed with hexane-ethyl ether-acetic acid (60 : 40 : 1, v/v). Spots were detected by spraying with 50% H2SO4 followed by charring (A) or by spraying with 5% potassium iodide solution (B). Detection was done by absorbance at 235nm (A) and by refractive index (B).
Di-18:3 DGDG was also autoxidized for 8 hr and then analyzed by HPLC (Fig. 5) 
